Background: Bone mineral content (BMC) and bone mineral density (BMD) are positively correlated with dietary protein intakes, which account for 1-8% of BMC and BMD variances. However, the relation between bone strength and microstructure, which are variables that are not captured by areal bone mineral density (aBMD), and dietary protein intakes, particularly from specific dietary sources, has not been clearly established. Objective: We investigated the association between the peripheral skeleton-predicted failure load and stiffness, bone microstructure, and dietary protein intakes from various origins (animal, divided into dairy and nondairy, and vegetable origins) in healthy postmenopausal women. Design: In a cross-sectional study in 746 Caucasian women aged 65.0 6 1.4 y, we measured the aBMD with the use of dual-energy X-ray absorptiometry, the distal radius and tibia bone microstructures with the use of high-resolution peripheral quantitative computerized tomography, and bone strength with the use of a finite element analysis, and we evaluated dietary protein and calcium with the use of a validated food-frequency questionnaire. Results: Mean dietary calcium and protein intakes were greater than recommended amounts for this class of age. The predicted failure load and stiffness at the distal radius and tibia were positively associated with total, animal, and dairy protein intakes but not with vegetable protein intake. Failure load differences were accompanied by modifications of the aBMD and of cortical and trabecular bone microstructures. The associations remained statistically significant after adjustment for weight, height, physical activity, menopause duration, calcium intake, and the interaction between calcium and protein intake. A principal component analysis of the volumetric BMD and bone microstructure indicated that trabecular bone mainly contributed to the positive association between protein intakes and bone strength. Conclusions: These results, which were recorded in a very homogeneous population of healthy postmenopausal women, indicate that there is a beneficial effect of animal and dairy protein intakes on bone strength and microstructure. Specifically, there is a positive association between the bone failure load and stiffness of the peripheral skeleton and dietary protein intake, which is mainly related to changes in the trabecular microstructure. This trial was registered at www.controlled-trials.com as ISRCTN11865958.
INTRODUCTION
Adequate supplies of dietary protein are required for the maintenance of healthy bone (1) . Dietary protein intakes account for 1-8% of the bone mineral density (BMD) 7 variance in adults (2) . In older people with osteoporosis, higher protein intakes ($0.8 g $ kg body weight 21 $ d 21 or 24% of total energy intake) are associated with higher BMD (2-10), a slower rate of bone loss (11, 12) , and reduced risk of hip (13) (14) (15) (16) or forearm (6, 17) fractures. An intervention with dietary protein supplements has been shown to attenuate a postfracture-related or weight loss-associated BMD decrease (18) (19) (20) and reduced bone turnover markers (21, 22) , together with an increase in insulin-like growth factor I (18, (23) (24) (25) (26) and a decrease in parathyroid hormone (21, 27) .
However, the role of the protein source, such as animal protein (including dairy and nondairy products) or vegetable protein, is still debated. For instance, some positive associations between bone health and vegetable protein have been reported (5, 28, 29) , but inconsistently (8, 30) . The association between bone health and dairy-product intakes has been investigated in both cross-sectional and longitudinal observational studies and in intervention trials with some positive effects [see Rizzoli (31) for a review]. The study of the original Framingham cohort indicated that there is some inverse association between hip-fracture risk and milk intakes (32) . However, a meta-analysis of 6 studies that included 195,102 women showed no overall association between hipfracture risk and total milk intake (33) . In addition, the positive association between BMD and dietary protein intakes appears to depend on a sufficient dietary calcium supply (11, 15, (34) (35) (36) .
Bone strength is a major contributor to fracture risk and can be estimated noninvasively in vivo through a finite element analysis (FEA) that is based on images obtained with the use of highresolution peripheral quantitative computerized tomography (HR-pQCT). Bone strength and, hence, resistance to fracture depend on various quantitative traits such as the bone mineral content (BMC) and BMD, bone turnover, bone geometry and microstructure, and bony tissue material-level properties (37) . To our knowledge, the association between bone strength and various sources of protein intakes in humans has never been previously reported, nor has the interaction of protein with calcium intakes on bone strength. We hypothesized that proteinsparticularly those from dairy, which provide calcium as wellwould be positively associated with peripheral skeleton strength in relation to a better bone microstructure.
In this cross-sectional study, we evaluated the association between distal radius-and tibia-estimated failure load and stiffness, together with areal bone mineral density (aBMD), cortical and trabecular volumetric BMDs and microstructures, and dietary protein intakes (total and from animal, dairy, nondairy, and vegetable origins) in 746 healthy Caucasian postmenopausal women. A principal component analysis (PCA) of bone-microstructure variables was applied to assess the relative contribution of the bone microstructure to the association between failure load and protein intakes. We also tested the interactions on predicted failure load between protein intakes and weight, height, physical activity, and calcium intakes because all these variables are associated with protein intakes and bone strength.
METHODS

Subjects
The Geneva Retirees Cohort comprised 759 healthy Caucasian women, who were recruited in Geneva at the time of retirement (i.e., at 65 y of age) through an advertisement in the local newspapers, among the Geneva University Hospitals staff, or in large, local companies between 2008 and 2012. Exclusion criteria were mainly an active disease that was capable of influencing bone turnover or muscle performance. Dietary intakes were available in 746 women (Supplemental Figure 1 ). All subjects signed a written informed consent before undergoing a series of interviews and determinations to investigate the genetic, environmental, and nutritional determinants of bone microstructure. The study protocol received approval from the Geneva University Hospitals' Ethics Committee. Participants in the current cross-sectional study were women who were investigated at baseline.
Anthropometric and lifestyle variables and fracture history
Body weight (with a scale at the nearest 0.1 kg) and standing height [determined with the use of a Holteyn stapediometer (Holtain Ltd.)] were measured, and BMI (in kg/m 2 ) was calculated. Physical activity was assessed with the use of a face-toface questionnaire that assessed the usual amount of time spent walking and cycling, using stairs, and participating in organized sports and recreational activities over the preceding year, which was classified on a list of 45 activities (38) . The collected data were converted and expressed as the physical activity energy expenditure (kilocalories per day) with the use of established conversion formulae (39) . Tobacco (current use compared with never or past use) and alcohol consumption ($7 compared with ,7 U/wk) were assessed as were the age of menopause and current or past drug use with a specific focus on bone-targeted treatments. Fracture history was recorded including the fracture site, age at the time of fracture, and type and intensity of trauma associated with the fracture. Only low-energy trauma fractures (defined as a fracture that resulted from a fall from standing height) in adult age were taken into account. Vitamin D (25hydroxyvitamin D) was measured batchwise on a Cobas-6000 instrument with Elecsys reagents (Roche Diagnostics).
Dietary intakes
Dietary calcium and protein intakes were estimated with the use of a validated food-frequency questionnaire that was specifically developed for the evaluation of calcium and protein intakes (40, 41) . The questionnaire, which comprised 23 items, was administered face-to-face by a certified dietitian. The frequency was either daily or weekly according to the food item. The period assessed was the preceding year. The size of portions was estimated with the help of pictures that were used in the large multicenter survey [SUpplementation en VItamines et Mineraux AntioXydants (SU.VI.MAX)] (42, 43) . The amounts recorded were translated into quantities of protein with the use of Prodi 5.3 Expert Nutrition Software Program (Nutri-Science GmbH) and the table provided by the French Information Center on Food Quality (https://pro.anses.fr/ TableCIQUAL/index.htm). Total protein intake was quantified in addition to protein intake, according to dietary sources of proteins by specifically calculating animal (divided into dairy products and nondairy products) and vegetable protein intakes.
Bone-related outcomes
Dual-energy X-ray absorptiometry
The lumbar spine, proximal femur, and distal radius aBMDs, whole-body BMC, and lean and fat masses were determined with the use of dual-energy X-ray absorptiometry (DXA) with a Hologic QDR Discovery instrument (Hologic Inc.) that was located in a mobile truck. The CV of repeated measurements varied between 1.0% and 1.6% for BMD (44, 45) . and the trabecular microstructure, respectively (44, 45) . Determinations were performed on the nondominant limb unless a fracture was reported in the region of interest. Recorded variables were as follows: total, cortical, and trabecular volumetric bone mineral densities (vBMDs), which were expressed as milligrams of hydroxyapatite per cubic centimeter; the trabecular number (per millimeter) and thickness and spacing (micrometer); the mean cortical thickness (millimeter); and the cross-sectional area (square millimeters). Relative bone volume (percentage) was derived from the trabecular density divided by 1200 mg/cm 3 , thereby assuming fully mineralized bone tissue. The trabecular number was defined as the inverse of the mean spacing between trabecular ridges. Trabecular thickness and spacing were calculated from the relative bone volume with the use of conventional histomorphometry formulae. The trabecular spacing SD was an estimate of the heterogeneity of the trabecular structure and was calculated as the SD of the individual distribution of the trabecular spacing. Cortical thickness was defined as the mean cortical area divided by the outer bone surface. Cortical porosity was calculated as the number of void voxels in each binary cortex image divided by the total number of voxels (46) .
FEA
Bone strength was estimated with the use of an FEA. Finite element models of the radius and tibia were created directly from the segmented HR-pQCT images. In summary, a voxel-conversion procedure was used to convert each voxel of bone tissue into an equally sized brick element, thereby creating microfinite element models that could represent the actual microarchitecture in detail. The models contained w2 million elements for the distal radius and 5 million elements for the distal tibia and could be solved in w3 and 5 h, respectively. Material properties were chosen as isotropic and elastic. Both cortical and trabecular bone elements were assigned a Young's modulus of 10 GPa and a Poisson's ratio of 0.3. A compression test was simulated to represent loading conditions during a fall from standing height. The bone predicted failure load was calculated as the force for which 2% of the bone tissue would be loaded beyond a 0.7% strain (47) . In addition to the failure load (Newtons), the microfinite element analysisderived variables also included stiffness (kiloNewtons per millimeter) and the apparent modulus (Newtons per millimeters squared), which was calculated as the stiffness multiplied by the height of the model (9 mm in all cases) and divided by the projected crosssectional area. Thus, the latter measure provided information about stiffness that was corrected for differences in height and the cross-sectional area. All microfinite element analyses were done with the use of the FE solver that is integrated into IPL software (version 1.15; Scanco Medical AG).
Statistical analysis
The various anthropometric, BMD, and microstructure variables are presented as means 6 SDs or SEMs and percentages. The Shapiro-Francia W test and skewness and kurtosis tests were used to verify the normality of the distributions, and non-Gaussian variables were normalized with the use of simple mathematical transformations (the square root for all sources of protein intakes and tibia failure load and log for the radius failure load). The primary outcomes were distal radius and tibia predicted failure loads as assessed with the use of an FEA from the HR-pQCT results.
Secondary outcomes were as follows: predicted stiffness and apparent modulus, which were assessed with the use of an FEA, the aBMD, and whole-body BMC; lean and fat masses, which were assessed with the use of DXA; and the peripheral skeleton vBMD and microstructure, which were as assessed with the use of HR-pQCT. Associations between outcome variables and protein intakes are presented according to tertile cutoffs of total protein intake and of various sources of protein and with protein intakes as continuous variables. The associations between outcome and tertiles of protein intakes were assessed with the use of a 1-factor ANOVA. Comparisons between the 3 tertiles groups were made with the use of post hoc multiple comparisons with Tukey's honestly significant difference test. A chi-square test was used when appropriate. Because this trial was an explanatory study, and because many variables that were obtained from the HR-pQCT data were interdependent, no adjustment for multiple comparisons was applied.
Associations of normalized bone variables (dependent variables) and protein intakes (independent variables) were evaluated with the use of a linear regressions analysis in 3 separate models of independent variables as follows: model 1 included total protein intake, model 2 included animal protein and vegetable protein intakes, and model 3 included dairy protein, nondairy animal protein, and vegetable protein intakes. These models enabled us to adjust animal and vegetable protein intakes for each other in model 2 and dairy protein and nondairy protein intakes for each other in model 3.
Multivariable regressions were also applied with weight, height, physical activity, menopause duration, calcium intake, and the interaction of calcium-protein intakes as independent variables in addition to variables relative to protein intakes in the 3 models. These additional variables were used as confounding variables because of their significant associations with the failure load in simple regression models. In addition, we tested a priori interactions between protein intakes and weight, height, and physical activity or calcium intakes on the predicted failure load in separate models. Only the interaction between protein and calcium intakes on failure loads was significant and, therefore, was included in the multiple regressions models.
The relative contribution of bone microstructure in the association between the failure load and protein intakes was assessed in additional models. Because there is multicolinearity between many microstructure variables that are measured with the use of HR-pQCT, a PCA was applied for the radius and tibia separately. A PCA is a statistical method that transforms a series of correlated variables into a smaller series of uncorrelated variables, which are defined as principal components (PCs). All normalized variables that were obtained from the HR-pQCT analysis were introduced in the PCA except for trabecular thickness and volumetric cortical density, which are strongly affected by partial volume effects (48) . After optimization with the use of a varimax rotation step, the PCA identified 3 uncorrelated PCs at the radius and tibia (i.e., PCs with eigenvalues .1.0). Associations of each PC (dependent variable) and protein intake (independent variable) were evaluated with the use of a linear regression analysis in the 3 separate models (i.e., models 1-3). To assess the specific contribution of each PC to the association between biomechanical properties and protein intakes, we built additional models by adding each PC in the 3 models that tested the association between the failure load and protein intakes. The data were analyzed with the use of STATA software (version 14.0; StataCorp LP).
RESULTS
Subjects' characteristics
The 746 postmenopausal women with dietary intake data were very homogenous (mean age 65.0 6 1.4 y) ( Table 1) . Mean dietary calcium intake (1156 6 423 mg/d) and protein intake (1.11 6 0.37 g $ kg body weight 21 $ d 21 ) were within or slightly greater than the recommended amounts for this class of age (700-1300 mg/d and 0.8-1.2 g $ kg body weight 21 $ d 21 , respectively) (1, 31) . Protein from animal origins represented approximately two-thirds of total protein intake, and specifically, dairy products represented more than a one-quarter of total protein intake. Menopause hormone therapy and calcium and vitamin D supplements were recorded with a similar prevalence in all 3 tertiles of total protein intake.
With the use of aBMD values at the spine, femoral neck, and total hip, 19.7% of subjects were osteoporotic, and 57.6% of subjects were osteopenic. Approximately 20% of the subjects had a prevalent low-trauma fracture. The prevalence of sarcopenia, as defined by the appendicular lean mass per squared 1 P values were determined with the use of an ANOVA with tertiles of total protein intake. All sources of protein intakes were normalized as square root. Means or percentages that do not share a common superscript letter were significantly different at P , 0.05 on the basis of an ANOVA with the use of Tukey's post hoc test or chi-square test. BMC, bone mineral content; BMD, bone mineral density; DXA, dual-energy X-ray absorptiometry; NA, not applicable. 2 Mean 6 SD (all such values). 3 In adult age (.20 y). 4 Bisphosphonates, raloxifene, and strontium ranelate. 5 Defined as an appendicular lean mass #5.45 kg/m 2 according to the criteria proposed by Baumgartner et al. (49) . 6 Osteoporosis was defined as $1 T score #22.5 SDs, and osteopenia was defined as $1 T score between 21 and 22.5 SDs, with no score #22.5 SDs at the lumbar spine, total hip, or femoral neck. height of 2 SDs below the values of young healthy women (49) , was lower in subjects in the highest tertile of total protein intake (6%) than in subjects in the lowest and medium tertiles of total protein intake (14.1% and 11.6%, respectively). Subjects in the highest tertile of total protein intake were heavier, had higher BMI, and consumed more calcium, animal, dairy, and vegetable proteins ( Table 1) . They also had higher aBMDs at the total hip, femoral neck, and distal 1/3 radius as well as higher whole-body BMCs and fat and lean masses.
Association of bone strength with dietary protein intakes
Unadjusted values of distal radius and tibia predicted failure loads, which were estimated from microstructure values with the use of an FEA, increased with tertiles of total and animal protein intakes (Figure 1 , Table 2 ). The difference was mainly observed between the first and third tertiles (P = 0.058 and P = 0.003 at the radius and tibia, respectively) and between the first and second tertiles of total protein intake (P = 0.076 and P = 0.051 at the radius and tibia, respectively), but there was no difference between the second and third tertiles of total protein intake, which suggested that there was some plateau effect. Radius and tibia failure loads were positively associated with total and animal protein intakes (as continuous variables), and the tibia failure load was positively associated with dairy protein intakes ( Table 3 ). The relation with vegetable proteins was NS. A quite-similar pattern was shown for predicted bone stiffness ( Table 2 , Supplemental Figure 2 ).
Interaction between calcium intakes with dietary protein intakes on predicted failure load
We tested the interactions between protein intakes and weight, height, and physical activity or calcium intakes on the predicted failure load (Supplemental Table 1 ). A significant interaction was detected only between protein and calcium intakes with P values of 0.001 and 0.014 for the interaction of total protein intake 3 calcium intakes (continuous variable) on radius and tibia failure loads, respectively. There were significant interactions between calcium intakes and animal, dairy, and nondairy animal proteins but not with vegetable proteins. The positive association between bone strength and protein intakes was observed only in women with low calcium intakes (,1081 mg/d according to the median of dietary calcium intakes) (Supplemental Table 2 ).
Adjusted association of bone strength and dietary protein intakes
Distal radius and tibia failure loads were significantly associated with height, body weight, physical activity, and calcium intakes in univariate models (data not shown). Thus, we tested the association of bone strength with dietary protein intakes in multiple regression models with adjustment for height, body weight, physical activity, calcium intakes, and interactions between calcium and total, animal, dairy, and nondairy animal protein intakes as reported previously. The corresponding adjusted P values for each category of protein intakes are presented in Table 3 . After adjustment, a positive association was shown between distal radius and tibia predicted failure load or stiffness and dairy protein intakes (P = 0.025 and P = 0.048 for failure load, and P = 0.032 and P = 0.045 for stiffness, at the radius and tibia, respectively). The association between the failure load and stiffness and animal proteins remained significant at the radius only (P = 0.005 for both). At the distal radius, positive associations were also shown for the modulus in relation to animal and dairy protein intakes in nonadjusted and adjusted models. Irrespective of the variables included in the models, the predicted failure load, stiffness, and modulus were not correlated to vegetable and animal nondairy protein intakes.
Bone microstructure in relation to dietary protein intakes
All microstructure variables were in agreement with those that were expected for this age classification (50, 51) (Table 2 ). In the highest compared with lowest tertiles of protein intake, trabecular spacing and spacing SD were lower both at the distal radius and tibia, whereas the cortical area and trabecular number were higher at the distal tibia only (unadjusted P values).
To evaluate the contribution of microstructure components to the estimated bone strength, a PCA was applied for the radius and tibia separately. The PCA identified 3 uncorrelated PCs at the distal radius and tibia (Supplemental Table 3 ). The first component (PC1) could be considered a trabecular bone microstructure, the second component (PC2) could be considered a bone morphology, and the third component (PC3) could be considered a cortical microstructure. PC1 included the trabecular vBMD, number, spacing, and spacing SD. PC2 was composed of total and trabecular areas and the cortical perimeter. PC3 comprised the cortical area, thickness, and porosity. Together, these PCs accounted for 89% of the variance of the original data set for the 2 sites. In simple and multiple regression analyses that were adjusted for height, body weight, physical activity, calcium intakes, and interactions between calcium and protein intakes, the trabecular bone microstructure (PC1) was significantly associated with animal and dairy protein intakes but not with vegetable protein intake for both skeletal sites ( Table 4) . Bone morphology (PC2) at the radius was positively associated with vegetable protein intake only. The cortical microstructure (PC3) was associated with animal and dairy protein intakes but not with vegetable protein intake for the distal radius only.
To evaluate the relative contribution of each component in the association between the failure load and total, animal, and dairy protein intakes, we introduced the various PCs into the models that are presented in Table 3 ( Table 5 ). The association between the failure load and total protein intake was no longer significant at the distal radius after adjustment for PC1 (trabecular bone microstructure), whereas it persisted after adjustment for PCs 2 and 3. These data indicate the importance of the trabecular bone component in the relation between the predicted failure load and total protein intake. For animal protein intakes, the associations of radius and tibia failure loads and protein intakes disappeared after adjustment for PC1 (trabecular bone microstructure) or PC3 (cortical bone microstructure) but not for PC2 (bone morphology). The same result occurred for the associations between the tibia failure load and dairy protein intakes. These data indicate that the positive associations between the failure load and animal and dairy protein intakes are mediated via the positive associations between trabecular and cortical bone microstructures and animal and dairy protein intakes. Similar results were obtained for the analyses of the relative contribution of each component in the association between bone stiffness and protein intakes (data not shown).
DISCUSSION
In this cohort of seven hundred forty-six 65-y-old healthy women, higher protein intakes, particularly from animal and dairy products, were associated with higher values of peripheral skeleton predicted failure load and stiffness, which were likely related to changes in both cortical and trabecular compartments. All of these associations at the distal radius, and the association with dairy protein intakes at the distal tibia, were maintained after adjustment for weight, height, physical activity, menopause duration, calcium intake, and interactions with calcium intakes. All values are means 6 SDs. Strength variables, total area, cortical perimeter and porosity, and trabecular thickness at the radius, and stiffness, total area, and trabecular thickness at the tibia were normalized as log. The radius total vBMD and trabecular area and tibia failure load, modulus, total vBMD, cortical thickness and porosity, and trabecular vBMD and area were normalized as square root. The radius trabecular spacing SD and tibia cortical perimeter, trabecular spacing, and trabecular spacing SD were normalized as inverse. Radius and tibia cortical vBMDs were normalized as cubic. The radius trabecular number was normalized as square, and the radius trabecular spacing was normalized as inverse square. Means that do not share a common superscript letter were significantly different at P , 0.05 on the basis of an ANOVA with the use of Tukey's post hoc test. HA, hydroxyapatite; vBMD, volumetric bone mineral density. 2 Determined with the use of an ANOVA with tertiles of total protein intake. 3 Adjusted for weight, height, physical activity, menopause duration, calcium intake, and the interaction between calcium intake and tertiles of total protein intake.
To our knowledge, this is the first study to show a relation between the estimated bone strength as assessed with the use of an FEA and dietary protein intakes. An FEA is used to determine bone mechanical behavior. When applied to HR-pQCT data, this method allows for the estimation of the failure load, stiffness, and apparent modulus of skeletal specimens and to specifically distinguish the contribution of cortical and trabecular components on the resistance to load bearing. Because bone strength, which is a major component in the resistance to fracture, is determined by bone geometry, mass, microstructure, and material-level properties, we decided to assess the influence of dietary proteins from various origins on the predicted failure load and stiffness because these variables integrate all components of bone strength except material-level properties. We showed that the distal radius-and tibia-predicted failure load and stiffness were positively associated with total, animal, and dairy protein intakes. These changes were likely related to significant modifications of aBMD and cortical and trabecular microstructures that accompany various dietary protein intakes. To further decipher the relative importance of the various bone-strength components in the association between the failure load and dietary protein intakes, we applied a PCA, which identified a component that included the trabecular microstructure, a second component that corresponded to bone morphology, and a third component that corresponded to the cortical microstructure. These PCs accounted for a large proportion of the variance of the original data set. In simple and multiple regression analyses, the first 2 components were significantly associated with total, animal, and dairy protein intakes for both skeletal sites, and the third component was associated with animal protein intakes at the radius. After adjustment for the trabecular microstructure component, the associations between the failure load and total, animal, or dairy protein intakes were no longer significant, thereby indicating a major effect of the trabecular bone microstructure in the association between bone strength and dietary protein intakes.
Our subjects were 65-y-old women who were investigated at the usual age of retirement from professional activity. The women had very healthy lifestyles with regular physical activity and consumed well-balanced diets with mean intakes of 1156 mg Ca/d and 71.7 g protein/d. Except for women in the lowest protein-intake tertile, with a mean intake at the Recommended Dietary Allowance (RDA), all of the other women in the other tertiles had higher consumption of dietary proteins. When translated into the number of servings per day, the tertile intakes were ,3, $3 to 4, and $4 servings/d, respectively. There was no evidence of any harm even at higher protein intakes, as shown by the positive association between bone-strength mineral mass and density, bone microstructure, and dietary protein intakes. Because our finding showed a higher axial skeleton BMD and higher peripheral bone strength that were associated with higher protein intakes, particularly from animal and dairy origins, our results provide some support for the recommendation of intakes that are higher than the RDA in the oldest old to attenuate the age-dependent decrease in bone and muscle in this population (1, 52, 53) . These results are in agreement with and extend those of Radavelli-Bagatini et al. (9) who used a pQCT instrument with a lower resolution in an oldest-old population. The meta-analysis of Darling et al. (2) concluded that there was a positive association between DXA-determined BMC and BMD at various skeletal sites and dietary protein intakes, the latter association of which explained between 1% and 8% of the variance of BMC and BMD. In agreement with epidemiologic studies that have shown a correlation between both axial and peripheral BMDs and dietary protein intakes (3, 4) , observational studies with a fracture as the outcome have shown an inverse relation between fracture risk, particularly of the hip, and dietary proteins (13) (14) (15) (16) (17) . In one of the studies, the association was detected with animal but not vegetable proteins (13) . Correction for the low protein intakes of patients with a recent hip fracture reduced the BMD decrease that occurred in the contra-lateral intact hip by 50% over 1 y (18) .
However, the majority of randomized controlled trials on bone in response to a protein intervention have been performed with dairy products. Dairy products are sources of both protein (32 g/L milk, which represents approximately #50% of the RDA for nonobese adults) and calcium (1200 mg/L milk, which is equivalent to recommended daily intakes). In agreement with observational studies that have reported some benefits of dairy intake on bone mineral mass [ (54) (55) (56) ; reviewed in Rizzoli (31) ], various short-term controlled intervention studies with the use of milk, calcium-fortified milk, or cheese have shown reductions in parathyroid hormone and biochemical markers of bone turnover together with an increase in circulating insulinlike growth factor I (21, (57) (58) (59) (60) (61) (62) (63) (64) (65) . In studies of longer duration and with BMD as the outcome, fortified milk or dairy attenuated proximal femur bone loss or even increased the spine or hip BMD (20, (66) (67) (68) . In contrast, an intervention-controlled study with whey protein failed to find a significant difference on the axial bone of elderly women (69) . A meta-analysis of cohort studies did not show any association between hip-fracture risk and milk intake in women but did show a trend toward a negative association in men (33) . The strengths of this study are the homogenous age of a large cohort of healthy postmenopausal women and, to our knowledge, the hitherto unreported analysis of bone strength and bone microstructure in relation to dietary protein intakes of various origins. The limitation of the study is mostly due to the crosssectional design of the study, which precluded a causal relation to be firmly established. Dietary intakes were estimated with the use of a food-frequency questionnaire with risk of limited accuracy for the measurement of absolute intakes although the questionnaire was administered face to face, not autoadministered, by a certified dietitian with the help of food pictures. In addition, the questionnaire did not allow for the estimation of total energy and nutrient intakes. However, our results were adjusted for weight, height, and physical activity, which are associated with energy intakes (70) . In addition, although we adjusted for possible confounders that are strongly associated with bone health, there was still the possibility of residual or unmeasured confounding from additional unmeasured factors. However, the tertiles of protein-intake groups did not differ for tobacco or alcohol consumption, use of menopausal hormone therapy, of vitamin D status. There were no malnourished subjects in this population of healthy retirees with dietary calcium and protein intakes within or slightly above the recommended amounts for this class of age, optimal vitamin D status, and a high level of socioeconomic status and living conditions. The generalization of these findings to moreheterogeneous populations may be limited because of many other factors that interfere with the bone microstructure and strength in addition to protein intakes. Last, another limitation is the multiple comparisons because of the high number of variables obtained from the HR-pQCT analysis. Therefore, the significant findings of this exploratory study need to be confirmed by studies in other populations.
In conclusion, within this cohort of 65-y-old healthy women, there is a positive association between peripheral skeleton predicted failure load and stiffness as well as bone microstructure and dietary total, animal, and dairy product protein intakes. These findings should be taken into account in the design of regimens for the nutritional prevention of bone fragility.
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